Objective: To determine the effect of feline congenital glaucoma (FCG) on corneal sensitivity, and relationships between corneal sensitivity, central corneal thickness (CT), and corneal diameter (CD). Animals and Procedures: Corneal sensitivity (estimated by corneal touch threshold [CTT] using Cochet-Bonnet esthesiometry); CT using ultrasonic pachymetry; intraocular pressure (IOP) using rebound tonometry; and maximal horizontal CD were measured in 16 normal and 14 FCG cats, both males and females, aged 7 months-3.5 years. All procedures complied with an Institutional Animal Care and Use Committee-approved protocol. Data were analyzed by linear regression: paired Student's t tests for between-eye comparisons, and unpaired Student's t tests for comparisons between groups. Relationships between parameters were evaluated by Pearson correlation coefficients and linear mixed effects modeling. For statistical tests, with the exception of values that were BenjaminiHochberg adjusted for multiple comparisons, P-values < 0.05 were considered significant. Results: Mean CTT and CT values were lower in FCG eyes relative to normal eyes, but differences were not statistically significant. Mean CD was significantly larger in FCG eyes relative to normal eyes, and there was a significant negative correlation between CD and CTT in FCG (r = À0.8564, corrected P = 0.005). These associations were confirmed in linear mixed effects models. Conclusions: Eyes with FCG have significantly larger CDs when compared with normal eyes, and larger CDs correlated with decreased corneal sensitivity in this group. Further studies are warranted to explore the effect of buphthalmos and corneal enlargement on corneal sensitivity and innervation in feline subjects with chronic glaucoma.
| INTRODUCTION
Glaucoma appears to be less prevalent in cats than in dogs, but this difference may reflect under-diagnosis of feline glaucoma, due to insidious onset and relatively subtle clinical signs in cats that include mydriasis and globe enlargement. 1 A form of inherited primary feline congenital glaucoma (FCG) was identified in Siamese cats, 2 and a viable mixed-breed colony established that provides a valuable model for the study of glaucoma pathophysiology in cats as well as humans. 3 Corneal enlargement, often associated with more generalized globe enlargement, or buphthalmos, is a common secondary feature of chronic glaucoma in adult dogs and cats, and in both FCG and primary congenital glaucoma (PCG) in humans. [4] [5] [6] [7] In particular, corneal enlargement can be very pronounced in patients that are affected by glaucoma at a very young age. [4] [5] [6] [7] Chronic glaucoma has been associated with reduced corneal sensitivity in human PCG patients. 8, 9 In their study involving patients aged 8 to 16 years old with PCG, Gatzioufas et al identified significant reduction in mean corneal sub-basal nerve density and total number of nerve fibers in the central cornea. Although number and density of corneal sub-basal nerve fibers were positively correlated with corneal sensitivity, corneal sensitivity was not demonstrably reduced in PCG eyes in that study. 10 Corneal sensitivity provides an indirect estimate of corneal innervation, the latter being essential for corneal health, and can be affected by several factors including age, 11, 12 species, [11] [12] [13] [14] ocular abnormalities, shape of the skull, 14, 15 and corneal region. 14 Corneal nerves provide neural signaling for the production of tears, help maintain structure and function of the cornea, and provide protective mechanisms to prevent physical corneal damage. 16 Thus, any loss or dysfunction of these nerves may lead to significant corneal health issues including neurotrophic keratitis, impaired wound healing, increased risk of infection, and enhanced inflammation. 13, 16, 17 A report documenting reduced corneal sensitivity in dogs with chronic glaucoma 13 indicates that this parameter warrants evaluation in veterinary patients due to its potential to impact corneal health.
To the authors' knowledge, there have been no prior published reports of corneal sensitivity in cats with glaucoma. This study was designed to determine the effect of FCG on corneal sensitivity and examine relationships between corneal sensitivity and corneal biometric parameters, including central corneal thickness and corneal diameter.
| MATERIALS AND METHODS

| Animals and inclusion criteria
All animal studies were performed in accordance with a protocol approved by the University of Wisconsin-Madison Institutional Animal Care and Use Committee and in compliance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Forty adult domestic cats (Felis catus) that were housed in a laboratory animal facility at the University of Wisconsin-Madison for the purposes of other long-term, noninvasive studies (electrophysiology and ocular imaging) were used opportunistically for this study, between other testing events. Nineteen cats (13 males and 6 females) with FCG that were homozygous for an LTBP2 gene mutation 2 were evaluated in the glaucoma group, and 21 normal cats (11 males and 10 females) were included in the age-matched control group. All subjects were domestic short-hair cats and were sexually intact. Cats in the control group did not have the LTBP2 gene mutation as determined by parentage or genotyping and were determined to have a normal ophthalmic examination as outlined below.
Five to seven days prior to conducting esthesiometry, all animals were examined by a board-certified veterinary ophthalmologist (GJM). Examinations included slit-lamp biomicroscopy (SL-15; Kowa Company, Ltd., Tokyo, Japan), fluorescein staining (Ful-Glo; Akorn, Inc., Buffalo Grove, IL, USA), and indirect ophthalmoscopy (Keeler Vantage Plus; Keeler Instruments Inc., Broom, PA, USA). Intraocular pressures (IOPs) had been measured in all cats at least weekly from 8 weeks of age using a rebound tonometer (TonoVet â ; iCare Finland Oy, Helsinki, Finland), to further confirm phenotype. Cats with potentially confounding ocular abnormalities in one or both eyes (corneal edema, anterior lens luxation, corneal scars), and fractious animals in which tests could not be conducted with only gentle manual restraint, were excluded from the study. From the population initially screened, a total of 14 normal and 16 FCG cats were ultimately included in the esthesiometry study and ranged in age from 7 months to 3.5 years. All clinical examination and measurement procedures outlined below were conducted in awake, gently restrained cats by a single observer (MRT).
| Intraocular pressures
Rebound tonometry (TonoVet â ) was used to measure IOP in each eye of each subject. 18 Tonometry was performed before measuring other parameters in the study, using the tonometer's "d" (dog) setting, until 3 readings with a standard deviation of ≤2.5 mmHg (no bar or a low bar on the instrument display) were obtained, and these triplicate values averaged for each eye.
| Corneal touch threshold
A Cochet-Bonnet esthesiometer (Luneau Ophtalmologie, Chartres, France) with a 0.12mm diameter monofilament TELLE ET AL.
nylon fiber was used to test corneal touch threshold (CTT) for the right and left eyes of each cat. The esthesiometer was held perpendicular to the cornea while the filament tip was advanced toward the axial corneal surface until there was a slight bend noted in the fiber. Starting with the longest filament length of 60 mm, the length was shortened in increments of 5 mm, with 3 repetitions performed at each filament length until a complete blink was consistently seen in response to appropriate corneal contact. To ensure the blink was not spontaneous or associated with inadvertent contact between the filament and adnexal structures, the filament length was shortened by another 5 mm once a complete blink was elicited and the procedure was repeated. If the cat also had a complete blink at that filament length, it was assumed that the previous complete blinks were real and representative of true CTT. If the blink response could not be verified, testing was continued by shortening the filament in 5-mm increments until a consistent full blink was obtained. The CTT value (in millimeters), defined as the longest filament length at which a blink response was consistently elicited, was considered proportional to corneal sensitivity (with shorter filament length values indicating lower corneal sensitivity). Esthesiometry was not performed in other regions of the cornea because the axial cornea is considered to be the most sensitive.
14,19
| Corneal thickness
An Accutome AccuPach V Ultrasound pachymeter (Accutome, Inc., Malvern, PA, USA), calibrated in accordance with manufacturer's instructions, was used to measure central corneal thickness (CT) in both eyes of each subject. Proparacaine hydrochloride ophthalmic solution, USP 0.5% (Akorn, Inc., Lake Forest, IL, USA) topical anesthestic, was administered in each eye prior to pachymetry. The average value of 9 readings, as calculated by the instrument software, was recorded. This procedure was repeated to obtain 3 instrument-derived average values that were then averaged for each eye.
| Corneal diameter
Maximum horizontal corneal diameter (CD) was measured using digital calipers (FisherScience Education Traceable Digital Carbon Fiber Calipers; Fisher Scientific, Waltham, MA, USA) from the temporal to nasal limbus. Triplicate measurements were obtained by the same observer (MRT) for each eye and averaged.
| Statistical analyses
Data were assessed by Kolmogorov-Smirnov testing to confirm normal distribution. As data for 2 eyes of an individual animal are generally considered highly correlated and not truly independent, and mean values for the measured parameters were not statistically significantly different between eyes in either group, values were averaged for both eyes. A paired Student's t test was used for betweeneye comparisons within groups; an unpaired Student's t test was used for comparisons of clinical parameters between groups. Relationships between different parameters were first evaluated by linear regression (Microsoft Excel) and subsequently assessed by Pearson correlation coefficients. Except where otherwise specified, statistical analyses were conducted using Instat (Graphpad Software Inc., San Diego, CA, USA) and data were presented as mean AE standard deviation. For all statistical tests, P-values <0.05 were considered significant (Benjamini-Hochberg adjusted to account for multiple comparisons-where appropriate). However, as disease was asymmetric between eyes in some FCG cats in this study group, the convention of averaging of data to yield a single value for both eyes was not considered to fully reflect between-eye variability within subjects. Linear mixed effects models were therefore utilized to enable inclusion of data from both eyes in statistical analyses, while not neglecting the correlation between eyes within individual cats. This was performed using the lme4 package 20 in R (version 3.4.1). For each pair of variables, one was fitted as the response on the other, including a random effect of cat ID, and results expressed as estimated regression coefficients, with 95% or 99% confidence intervals. Figure 1B ; P = 0.0004). As expected, IOP was significantly higher in glaucomatous cats (31.7 AE 14.9 mmHg) than in normal cats (21.8 AE 5.6 mmHg; P = 0.0409) (Table 1, Figure 1C ). Additional statistical analyses were performed to examine the relationships between clinical parameters including age, CTT, CT, IOP, and CD for each study population (Tables 2 and 3) . A statistically significant, strong negative correlation was identified between CD and corneal sensitivity (CTT) in FCG cats (Pearson, r = À0.8564; corrected P = 0.0001) (Figure 2A) . A statistically significant negative correlation was also noted between CTT and age in FCG cats (r = À0.7421; corrected P = 0.015). Corneal diameter was significantly positively correlated with age in cats with FCG (r = 0.777; corrected P = 0.01). There was no significant relationship between CTT and CD in normal cats (Figure 2B ). There was a significant trend for CT to increase with age in both normal and FCG cats, but this relationship was more robust in normal cats (r = 0.6849; corrected P = 0.0034). Although some were statistically significant, correlations between other the parameters presented in Table 2 were determined to be relatively weak, based on linear regression and correlation coefficients.
| RESULTS
To further evaluate the associations outlined above, linear mixed effects models (LMMs) were used. First, LMMs were fitted for all pairs of the variables age, CTT, CT, IOP, and CD for each study population. The only included terms in these models were the 2 variables, one as explanatory and one as the outcome. The results are reported as the estimated effects with 99% confidence intervals for normal cats and FCG cats (Table 4) . From this table, it can be seen that there are significant relationships between CT and age for normal cats, CD and age for FCG cats, CTT and age for both normal and FCG cats, and finally between CTT and CD for both normal and FCG cats.
Next, to rigorously assess strength of association between disease status and the 4 variables CT, CTT, CD, and IOP, a more complex LMM was fitted for each of these with disease status (normal or FCG) and age as explanatory variables. Based on scatter plots, a first-order interaction term between age and disease status was included. The results are shown in Table 5 and Figure 3A -D. As can be seen from confidence intervals, age is significantly associated with CT and negatively associated with CTT. The only other effect that is significant is the interaction effect between age and disease status in the CD model. This indicates that for this model, the effect of age is significantly greater in FCG cats than in normal cats.
| DISCUSSION
The current study was designed to determine the effect of congenital glaucoma on corneal sensitivity in cats. In addition, we examined relationships between corneal sensitivity, age, IOP, and other ocular parameters in normal cats and cats with FCG. Corneal sensitivity can be quantified in a clinical research setting by corneal esthesiometry, although the technique is considered both subjective and operator dependent, 11, 13, 14, [21] [22] [23] [24] [25] [26] and filament properties may be influenced by factors including temperature and humidity. 27, 28 We attempted to address these limitations in our study by having a single observer obtain all CTT measurements and 
F I G U R E 1 Box and whisker plots depicting (A) corneal touch threshold (CTT), (B) corneal diameter (CD)
, and (C) intraocular pressure (IOP) for FCG and normal cats. In each plot, "x" represents the mean, the median is depicted by a horizontal line dividing the box, which represents the interquartile range, and the whiskers show the outlier range outside of the upper and lower quartiles (includes lowest and highest data points) Pearson correlation coefficients (R values) and corresponding Benjamini-Hochberg (BH) critical P values were determined as a threshold for significance to correct for multiple comparisons. Those associations for which P values reached the threshold for significance are shaded. conducting all tests at the same time of day, over just 2 days, within a climate-controlled vivarium in which environmental temperature and humidity were regulated and recorded.
T A B L E 2 Correlation between age, corneal touch threshold (CTT), corneal thickness (CT), intraocular pressure (IOP), and corneal diameter (CD) in normal cats
T A B L E 3 Correlation between age, corneal touch threshold (CTT), corneal thickness (CT), intraocular pressure (IOP), and corneal diameter (CD) in FCG cats
F I G U R E 2
As expected in this form of early-onset glaucoma, mean corneal diameter was significantly larger in glaucomatous cats relative to normal cats, and in cats with FCG, larger corneal diameters correlated with decreased corneal sensitivity. Mean CTT was slightly lower in glaucomatous eyes relative to normal eyes; however, the difference was not statistically significant, and the values obtained in our study are generally similar to previously published ranges in normal cats.
14,29-31 Similar findings were reported in prior studies involving human PCG patients. 10 Prior studies in human patients have shown that buphthalmos at an early age may be associated with significant reduction in corneal sensitivity, although in these patients, increased CD is also associated with increased CT and corneal edema. 8, 9 In 1988, Patel and others noted that persistent corneal edema led to decreased corneal sensitivity, even after normalization of IOP, in patients that had prolonged elevation of IOP. 8 In the veterinary literature, one prospective clinical study evaluating canine eyes with buphthalmos and/or chronically elevated intraocular pressure prior to evisceration with intraocular prosthesis placement determined that corneal sensitivity in these eyes was significantly reduced relative to contralateral control eyes. 13 These reports support our finding that larger corneal diameter correlated with decreased corneal sensitivity in FCG cats. Despite prior reported associations between decreased corneal sensitivity and the presence of corneal edema, corneal edema is not a prominent feature in cats with FCG. Indeed, a few cats with clinically appreciable corneal edema (secondary to anterior lens subluxation) were excluded from our esthesiometry study, and FCG cats in our study tended to have marginally thinner central corneas than age-matched control cats. Therefore, confounding effects of underlying diseases (such as inflammation, corneal edema or lens luxation) are less of a consideration in our study population than in more heterogeneous groups of human and canine patients with glaucoma reported previously. Although our findings suggest that larger corneal diameters may be associated with lower corneal sensitivity, corneal sensitivity was not significantly different between FCG and normal cats. This finding could be due to several limitations of Cochet-Bonnet esthesiometry, as outlined above. Secondly, large standard deviations were noted in values for most of the parameters measured in FCG cats in the study.
Thus, pronounced interindividual variability and relatively small sample sizes within our study population reduced our statistical power to detect small differences with the number of subjects available. Corneal innervation and density have previously been reported using in vivo confocal microscopy in mesocephalic and brachycephalic dogs and cats, birds and horses at other institutions. 15, 32, 33 Future studies using in vivo confocal microscopy to evaluate sub-basal nerve architecture and density could be used to limit subjectivity and validate indirect esthesiometry values.
In conclusion, we demonstrated a negative correlation between CD and corneal sensitivity in cats with congenital F I G U R E 3 Visualization of the linear mixed effects model fitting: (A) central corneal thickness as a response to age and disease status; (B) corneal touch threshold as a response to age and disease status; (C) intraocular pressure as a response to age and disease status, and (D) corneal diameter as a response to age and disease status; each plot indicates 95% confidence intervals glaucoma. While this might indicate a potential loss of corneal sensitivity, perhaps attributable to a reduction corneal nerve fiber density in buphthalmos, this was not definitively established in our study. As previously discussed, corneal nerves and sensation play a vital role in maintaining the normal protective mechanisms and functions of the cornea. 13, 15, 16 As in brachycephalic breeds, lower corneal sensitivity identified in FCG could conceivably predispose glaucomatous cats to corneal disease, particularly in those animals that develop lagophthalmos and corneal exposure due to pronounced globe enlargement. However, caution should be exercised in extrapolating the findings of this study to cats with other forms of glaucoma, as our study population was comprised of relatively young cats with a single, specific form of glaucoma. Thus, our findings may not be representative of a wider population of older cats with glaucoma secondary to other ocular disorders. Further studies are warranted to explore the effects of buphthalmos and corneal enlargement on corneal sensitivity and innervation in FCG and in other forms of feline glaucoma.
